The main objective of this paper is to propose an algorithm for the determination of the allowable ampacities of single rectangular-section bus bars without the occurrence of correction factors. Without correction factors, the ampacity computation of the copper and aluminum bus bars is fully automatized. The analytical algorithm has been implemented in a computer
Introduction
In electrical power substations, bus bars connect a number of incoming circuit connections to a number of out coming circuit connections. Bus bars are made of non-insulated solid, hollow and profiled copper or aluminum conductors. Conductors with circular and rectangular cross-sections or U-shaped conductors are used in electrical power substations for rated voltages up to 35 kV, whilst stranded or tubular conductors are used in electrical power substations for rated voltages equal to or higher than 110 kV. The selection of a bus bar cross--section is carried out: (a) with regard to the I op current under normal operating conditionsthermal stress that the conductor can withstand continuously, (b) with regard to the conventional value of the short-time withstand current during a three-phase short-circuit -thermal stress that the conductor can withstand in a short period of time, and (c) with regard to mechanical stresses during a three-phase short-circuit.
The allowable ampacity of the bus bar, I cp , is determined based on the balance between the amount of heat generated within the bus bar material (Joule's losses) and the -------------- amount of heat reaching the outer surface of the bus bar (solar radiation) on the one, and the amount of heat conducted away from the bus bar (heat losses due to the convection and radiation on the outer surface of the bus bar) on the other hand. When selecting a cross-section of a bus bar, its allowable ampacity, I cp , must be larger than the operating current, I op . According to standards, the difference between the tabulated continuously permissible temperature of the bus bar, T cpT , (65 or 70 °C) and the tabulated temperature of the surrounding air, T aT , (35 or 40 °C) accounts to 30 °C regardless of the material type from which the bus bar is made.
Moreover, the allowable ampacity should be distinguished from the rated current of the bus bar, I nom . The I cp obtained by recomputation of the rated current to actual conditions at the location foreseen for the bus bur installation, i. e. by means of expression: I cp = C 1 C 2 C 3 C 4 C 5 I nom , where C 1 -C 5 are appropriate correction factors [1, 2] .
Within the classical procedure for selecting the bus bar cross-sections, continuously permissible temperature of the bus bar, T cp, appears along with the tabulated continuously permissible temperature of the bus bar, T cpT [1, 2] . However, the aforementioned is a deviation from the well-established rule to use only one, in this particular case, tabulated value of its continuously permissible temperature when computing the allowable ampacity of a conductor.
Therefore, this paper presents a procedure for the determination of the allowable ampacity of a bus bar using the tabulated continuously permissible temperature without the occurrence of correction factors C 1 -C 5 . The allowable ampacity of a bus bar depends on the shape and dimensions of its cross-section, as well as on the number of conductors and their arrangement in the package of one phase, distances between the packages of phase conductors, resistivity of the bus bar material, colour and physical properties of the outer surface of the bus bar (emission and absorption coefficients), ambient conditions (solar irradiance, ambient air temperature, wind velocity, v w , and wind direction) and thermo-physical properties of air.
Factors on which the allowable ampacity of a bus bar depend are modelled by corresponding convective (either natural or forced one) and radiation boundary conditions, as well as heat sources located inside and outside of the bus bar material [3] [4] [5] . A MATLAB programme entitled BUSBAR.m, which is based on a set of empirical correlations similar to the one in [3] , has been developed and used in order to compute the allowable ampacity of the bus bar, its temperature and individual heat transfer coefficient for each side of the bus bar, as well as their corresponding losses.
Governing equation
In a general case, the time-dependent heat conduction equation can be derived from the law of conservation of energy in the volume of a running meter of the bus bar. One such volume element the dimensions of which are W b , H b , and L b = 1 m is shown in fig. 1 . It is assumed that the bus bar material is homogenous and isotropic, as well as that there is no longitudinal heat conduction in the bus bar. Moreover, it is also assumed that the heat, Q tg , [W] is generated within the given volume element and that its thermo-physical properties (thermal conductivity, k t , specific heat, c t , and density, r) are constant.
When the law of conservation of energy is applied to the considered volume element within the time interval, Δt, then the energy equation becomes:
where ] -the temperature coefficient of the resistivity of the bus bar material.
When two phase single rectangular-section conductors are installed horizontally with a vertical major axis and with a side-by-side spacing of 0.3-1 m, the extra loss coefficient for the proximity effect k p is between 0.95 and 1 [5] . For the case when these two conductors are installed with a horizontal major axis and with the same spacing, the coefficient k p is be- tween 1 and 1.05 [5] . In the case of indoor installation these side-by-side spacings are usually larger than 0.3 m. Therefore, it can be assumed that the proximity effect is negligible (k p ≈ 1). Furthermore, electrodynamic forces between two phase conductors are proportional to the current square. For rated currents these electrodynamic forces have small magnitudes and they are therefore not discussed.
For the steady-state heat transfer (∂T s /∂t = 0), the bus bar temperature that is equal to T cpT and a maximum amount of solar heat that can be absorbed by the outer surface of a running meter of the bus bar (Q tsunM = a S pM Q tsun,s ), eq. (1) becomes:
where
is the maximum projected area of a running meter of the bus bar. Therefore, the expression for I can be expressed from eq. (5):
where r dc (T cpT ) and h r (T cpT ) should be computed by means of eqs. (3) and (4). According to eq. (1), for the steady-state heat transfer and Q tsunM = aS pM Q tsun,s , the unknown bus bar temperature, T s , is:
For indoor installations, the allowable ampacities that correspond to central European conditions are determined under the following assumptions [1] [2] [3] 
Analytical algorithm
The flowchart, shown in fig. 2 , describes the algorithm of the BUSBAR.m programme. The parameters displayed in fig. 2 have the following meanings: E is the specified accuracy, J -the index of the current iteration in the inner loop, and T' s and T'' s are the programme variables reserved for values of the bus bar temperature, T s . Other parameters appearing in fig. 2 are mentioned earlier.
In addition to the heading, declaration section, non-executable statements and ending, the analytical algorithm consists of the following blocks of executable statements:
Input: (a) Read and store input data from the Temperature.m, Density.m, Capacity.m, Viscosity.m, Conductivity.m, and Prandtl.m data files, whereas each of them has 85 discrete values taken from [5] , i. e. values of temperature, density, specific heat, dynamic viscosity, thermal conductivity, and Prandtl number for air; (b) select the type of convection: 1 -for the natural or 2 -for the forced convection; (c) if the natural convection is selected, then the following should be selected: 1 -for T s > T a or 2 -for T s < T a ; (d) if the forced convection is selected, then the following should be selected: 1 -for the case when the wind direction is perpendicular to the longitudinal axis of the bus bar or 2 -for the case when the wind direction is parallel to the longitudinal axis of the bus bar; (e) enter the value for the following: 
1
st condition: start iterations in the outer loop and repeat the commands in the loop until the absolute value of (T'' s -T cpT ) becomes lower than the specified accuracy, E = 0.2.
Assignment: assign the value 0 to the index of the current iteration J in the inner loop. 2 nd condition: start iterations in the inner loop and repeat the commands in the loop until the absolute value of (T' s -T s ) becomes lower than the specified accuracy, E = 0. 
where Gr S and Nu S are corresponding Grashof and Nusselt numbers, respectively; (b) for the top side of the bus bar, the following equations are valid [5, 7, 8] : 
where Gr B and Nu B are corresponding Grashof and Nusselt numbers, respectively. 
where Re S and Nu S are corresponding Reynolds and Nusselt numbers, respectively; (b) for the top and bottom sides of the bus bar and both directions of the wind with regard to the longitudinal axis of the bus bar, the following equations are valid [5, 6, 10 
; (c) if the absolute value of the difference (T' s -T''
s ) is larger than the specified accuracy E = 0.2, then assign the computed value T'' s to the variable T s due to the computation in the next iteration. Output: display the value for the following: 
Numerical validation of developed algorithm
The numerical validation of the analytical algorithm for occurrences of natural and forced convection heat transfers was carried out with COMSOL, by performing a thermal finite element method (FEM) analysis of single bus bars with rectangular cross-sections from [3] . The results of simulations performed for the case of natural convection are given in tab. 1, whilst tab. 2 shows results of simulations performed for the case of forced convection. , respectively [5] . According to [3] , the solar irradiance The thermal conductivity k t , which amounts to 218.5 W/m 1 K 1 for the aluminum alloy 6101-T61, has been used for the thermal FEM analysis of the bus bars [11] .
For the instance of indoor installation of single rectangular aluminum alloy 6101-T61 bus bars, the validation of the analytical algorithm has been carried out in accordance with [3] , i. e. for the following on-site conditions: installations with the vertical and horizontal major axes, tabulated continuously permissible temperature of the bus bar T cpT = 70 °C, tabulated temperature of the ambient air T aT = 40 °C, wind velocity v w = 0 m/s (natural convection), emission coefficient ε = 0.35, absorption coefficient a = 0, and frequency f = 60 Hz. It should be emphasized that the COMSOL heat transfer module uses as input data some of the output data generated by the BUSBAR.m program. For instance, the bus bar current cannot be entered directly into COMSOL, but its influence is taken via the volume power of heat sources located in the bus bar material obtained by the BUSBAR.m programme. Moreover, as input data, COMSOL also uses heat transfer coefficients due to the convection generated by means of the BUSBAR.m programme.
Application of developed algorithm
The analytical algorithm, i. e. the BUSBAR.m programme is simple to use and it generates the allowable ampacities of the bus bars in a rather fast manner, as well as other parameters necessary for its thermal FEM analysis in COMSOL. The given algorithm/programme is applied easily when extra losses coefficients for the skin effect in the considered bus bars are known and when ambient conditions on the installation site thereof are standardised.
Since copper and aluminum conductors with rectangular cross-sections are used exclusively in indoor installations of the rated voltage of which is up to 35 kV, the instance of outdoor installation thereof is not considered herein. Allowable ampacities of copper and aluminum conductors are computed under the previously given assumptions for central European countries. Allowable ampacities of single rectangular copper bus bars for the instance of indoor installation are given in tab. 3, whilst allowable ampacities of single rectangular aluminum bus bars for the instance of indoor installation are given in tab. 4.
Conclusions
A computer programme has been developed with the capability of computing allowable ampacities of horizontally installed single bus bars with rectangular cross-sections, as well as their temperature and other parameters that can further be used for their thermal FEM analysis in software packages such as COMSOL and ANSYS. The BUSBAR.m programme is based on the law of conservation of energy and may compute the allowable ampacities of the bus bars for any bus bar material, and any ambient conditions. The effects of the wind and solar radiation are considered only when validating the analytical algorithm due to the fact that bus bars with rectangular cross-sections are used exclusively in indoor installations in the practice. Therefore, the natural convection heat transfer and radiation heat exchange between the outer surface of the bus bars and ambient air are primarily considered herein, in addition to the heat generation in the bus bar materials. Moreover, using a cubic spline interpolation, the BUSBAR.m programme forms temperature dependences of thermo-physical properties of air and automatizes the selection of values for them. All of the aforementioned options make the developed programme immensely useful. In comparison to the values obtained by Coneybeer et al. [3] , it has been demonstrated that ampacities generated by the BUSBAR.m programme match with their corresponding tabulated values to a larger extent. During the course of validation of the analytical algorithm it was demonstrated that differences between generated and tabulated ampacities are between 0 and ±27.36 %. Similar deviations were also obtained in the section Application of developed algorithm, whilst the largest ones were for bus bars installed with a horizontal major axis. All of the previous imposes the conclusion that tables with thermally incorrect ampacities have been used in the practice for years and that they need to be revised.
The proposed procedure of computation of allowable ampacities of bus bars excludes rough approximations, it is scientifically based, rather simple and provides more accurate results in comparison to the traditional one, which is based on the use of tables with correction factors for ampacities. Moreover, the authors intend to extend the procedure to other geometries and orientations of bus bars. 
